Aims. We calculate the size-frequency distribution of the boulders on the southern hemisphere of comet 67P Churyumov-Gerasimenko (67P), which was in shadow before the end of April 2015. We compare the new results with those derived from the northern hemisphere and equatorial regions of 67P, highlighting the possible physical processes that lead to these boulder size distributions. Methods. We used images acquired by the OSIRIS Narrow Angle Camera (NAC) on 2 May 2015 at a distance of 125 km from the nucleus. The scale of this dataset is 2.3 m/px; the high resolution of the images, coupled with the favorable observation phase angle of 62
Introduction
European Space Agency's (ESA) Rosetta spacecraft was inserted into orbit around the comet 67P/ChuryumovGerasimenko in August 2014, providing a detailed surface characterization of the northern hemisphere thanks to the high resolution images acquired by the OSIRIS instrument (Optical, Spectroscopic, and Infrared Remote Imaging System; Keller et al. 2007 ). Since mid-May 2015, after the first nine months closely observing the 67P nucleus, the Rosetta spacecraft was moved into larger orbits around the comet. This was because 67P was getting closer to the Sun, leading to a greater surface activity and, hence, potential damages to the integrity of the spacecraft. Nevertheless, before performing wider excursions far from the target, Rosetta was sent closer to 67P in order to image its southern hemisphere and provide a morphological reference before perihelion. Indeed, by the end of April 2015, the southern terrains became fully illuminated by the Sun.
Detailed investigation regarding the different morphological features present on the northern hemisphere has been carried out (Sierks et al. 2015; El-Maarry et al. 2015b; Vincent et al. 2015) . In particular, by means of OSIRIS Narrow Angle Camera (NAC) images, analysis of cometary boulders, i.e., blocks that are ubiquitous on the surface of the comet, was performed for the first time (Pajola et al. 2015) . Before the Rosetta arrival to 67P, multiple boulders analyses had been carried out on asteroidal surfaces, revealing that their origin is strictly related to impacts (Lee et al. 1986; Geissler et al. 1996; Thomas et al. 2001; Michikami et al. 2008; Küppers et al. 2012) . For the cometary case, on the contrary, the impact-related origin has been discarded since there is only evidence on 67P for a single impact crater of 30 m (see Fig. 5b of El-Maarry et al. 2015a) , and other formation processes like fragmentation, sublimation, outbursts, gravitational falls, and lifting processes were invoked to explain the formation of boulders (Pajola et al. 2015 (Pajola et al. , 2016a .
The spatial distribution of boulders with a diameter ≥7 m has been reported on the overall northern hemisphere and equatorial regions of comet 67P, both on global and localized scales (Pajola et al. 2015) . The analysis of the size-frequency distribution A&A 592, L2 (2016) (SFD), of boulders is a fundamental tool to interpret and understand the geomorphological context and the surface processes that occurred in various regions of the comet. For this reason, when high-resolution images of multiple areas of the comet were available, additional boulder counting has been performed, which has provided SFD in size ranges below 7 m; see, e.g., Vincent et al. (2015 Vincent et al. ( , 2016 , Pommerol et al. (2015) , Lucchetti et al. (2016) , Pajola et al. (2016b) , Oklay et al. (2016) . Moreover, the results coming from such works proved that similar geomorphological settings display equivalent power-law indices even with different spatial scales (ranging from decameters to a minimum size of 1 m). Nevertheless, all previous results, as well as the different processes invoked to explain the formation and evolution of boulders (Pajola et al. 2015) , refer only to the northern and equatorial regions of comet 67P. For this reason, by means of new images covering the previously hidden terrains, we obtained the SFD of boulders ≥7 m on the overall southern hemisphere with the main aim to complete the boulders analysis over the entire comet. In the following, after presenting the dataset and methods used in this work, we discuss the results obtained and we compare them with those found in the northern hemisphere. This is fundamental to understanding whether the boulders formation processes invoked for the northern hemisphere are valid for the southern hemisphere.
Dataset and methods
The southern hemisphere of comet 67P was illuminated at the end of April 2015, which is close to the comet's equinox (10 May, 2015) and before the insertion of Rosetta into larger orbits preceding perihelion (13 August, 2015) . To complete the boulder identification, we started on the northern and equatorial regions of 67P and used the NAC images with the available highest spatial resolution (before perihelion) of the southern hemisphere ; these images were taken on 2 May 2015 at a distance of ∼125 km and with a resulting scale of 2.3 m/px (see Table 1 ).
The nearly constant distance of the spacecraft from the comet surface (Table 1) provided a unique dataset where the resolution did not change over a full cometary rotation. This offered the possibility to derive meaningful statistics for boulders with diameters ≥7 m, i.e., the 3 pixels sampling that minimizes the likelihood of misidentifications of what we are detecting (Nyquist 1928) . In addition, since the observations were performed with an almost constant phase angle 1 varying from 62
• to 61
• , the presence of elongated shadows on the surface allowed us to identify even smaller boulders (2 pixels diameter, ∼4−5 m). As previously indicated in Pajola et al. (2015) , however, we did not include these smaller populations in the binned cumulative SFD because they do not represent a complete dataset for such small sizes. Before performing the boulder counting, we defined as "boulders" 2 the positive reliefs detectable in multiple images obtained with different observation geometries with the constant presence of an elongated shadow (if the phase angle is greater than 0
• ) whose extension depends on the illumination geometry (Pajola et al. 2015 (Pajola et al. , 2016a . Moreover, we point out that a boulder seems to be detached from the ground where it stands.
Once such features were manually identified on the highresolution images by using the ArcGIS software, we measured their position on the surface of the comet. We consequently assumed their shapes to be spherical 3 , and we derived their maximum length, i.e., the diameter, and the corresponding area (Fig. 1) . After that, we made use of the corresponding area computed from the three-dimensional (3D) shape model of 67P ) to obtain the binned cumulative boulder SFD per km 2 .
Results
As for the case of the northern hemisphere of 67P and its equatorial regions, the boulders on the southern hemisphere are ubiquitous on the head, body, and neck . The total number of boulders we identified is 4944, which lowers to 3503 when only the diameters ≥7 m are taken into account. Of the discarded 1441 smaller boulders, 820 fall in the 6−7 m bin, 335 are between 5 and 6 m, 238 between 4 and 5 m, and the remaining 48 are inside the 3−4 m bin. The spatial distribution of these boulders is presented in Fig. 2 . The surface area of the southern hemisphere of the comet where we made our boulder counting is 12.0 km 2 , which is equivalent to the ∼25% of the total cometary surface (48.4 km 2 , Jorda et al. 2016) . By making use of such Fig. 2 . Spatial distribution of the ≥7 m boulders on the southern hemisphere of 67P, derived from NAC images presented in Table 1 . The red boundary shows the location of the terminator of the images presented in Fig. 8 of Pajola et al. (2015) , i.e., the southernmost limit where the boulders where previously identified. We stress that, in each image, we only mapped those boulders that are located on areas mainly face-on with respect to the observer (we used the Jorda et al. 2016 shape model to assess this point). For this reason, we preferred to map them on one image and not on the previous or following images where they are still visible. Nonetheless, we used the entire dataset to double check the identification consistency, but counted the boulders only once in the final statistics.
value, we derived a binned cumulative number of 292 boulders ≥7 m per km 2 . By fitting a regression line to the binned data 4 , we 4 The regression line used to detect the power-law index fits the binned values that are in the range of 7−35 m, but does not take into account those points that are equally cumulatively repeated. Indeed, as in Michikami et al. (2008) , when subsequent values present the same cumulative number, this is an indication of a poor statistics that has does not have to be considered by the fit. This typically occurs at the bigger boulder sizes, i.e., for the case of Fig. 3A , above 35 m. Moreover, we point out that to correctly fit a cumulative distribution is not an obvious task, since the variables sizes and corresponding cumulative values are not independent (Lamy et al. 2004 ). derived a value of −3.6 ± 0.2, that is the power-law index of the binned cumulative SFD of boulders ≥7 m per km 2 ; see Fig. 3A . In order to understand what the total percentage is for each contributing bin of the boulder statistics, we present, in Fig. 3B , the histogram of the normalized frequency per boulder size.
Discussion
After deriving the power-law index from the boulders of the southern hemisphere, we can draw comparisons with the values identified in other regions of 67P. Indeed, Pajola et al. (2015) showed that in the northern and equatorial areas of the comet, the power-law index computed in the range 7−38 m is −3.6 +0.2/−0.3, which is notably equivalent to the powerlawindex we obtained. By means of both global and local analyses, it was suggested that this power-law index could be related to gravitational events triggered by sublimation and/or thermal fracturing causing regressive erosion at the cliffs. Moreover, it was indicated that both the northern head and body of 67P are globally dominated by boulders originating from gravitational events 5 . Therefore, the equivalent power-law index we derived here, can be indicative that sublimation and/or thermal fracturing causing regressive erosion and consequent gravitational collapse is the dominant process for the boulder formation in the southern hemisphere as well. Nonetheless, there are some notable differences that we have to point out, when the boulder SFD of the southern hemisphere is compared with previous results. The area we considered, 12 km 2 , which only corresponds to 25% of the entire surface of the comet, is covered by an absolute number of boulders ≥7 m, 3503, which is comparable to the number of boulders, 3546, derived in the remaining 75% of the comet surface 6 . Correspondingly, we found that the binned cumulative number of boulders ≥7 m per km 2 is three times larger than the number of boulders identified on the northern and equatorial areas of 67P, namely 292 versus 97.
As presented in El-Maarry et al. (2016) , the southern hemisphere of 67P is characterized by a clear dichotomy with respect to the northern hemisphere. This is mainly because there is a lack of widespread dust coatings and smooth terrains. The southernmost terrains of the comet are more similar to the consolidated terrains of the northern side, and almost always free of dust deposits (see Fig. 2 ). The southern hemisphere of 67P experiences a stronger insolation input than the northern hemisphere (Keller et al. 2015) , as it is heated during and near the 2015 perihelion passage of 67P (1.24 AU) for 10 months, i.e., from May 2015 (1.73 AU) to March 2016 (2.47 AU). During the short southern summer (10 months out of a 6.5 yr long orbit), the higher sublimation activity triggered by the closer vicinity to the Sun, results in a factor of 3 higher erosive rates (Keller et al. 2015) with a possible release of larger proportion of escaping particles from the surface, which prevents a dusty blanket redeposition. Therefore, the fractured and rough terrains that characterize this hemisphere of 67P may be a possible direct consequence of a higher insolation input of this hemisphere of the comet.
We suggest that the higher activity that affects such areas of the comet may be invoked to explain the obtained results. Indeed, the same power-law index between the two hemispheres highlights the fact that similar erosive processes, such as sublimation and thermal fracturing, occur in both hemispheres. Nonetheless, the factor of 3 difference in the binned cumulative number of boulders per km 2 of the southern hemisphere with respect to the northern hemisphere may be related to the different sublimation, thermal stresses, and fracturing intensities. This possibly means that a larger thermal fracturing implies a higher sublimation activity. The consequence of this is that gravitational events occur more frequently on the surface with a consequent greater production than the northern hemisphere. Such interpretation is supported by the fact that in the southernmost terrains the boulders are typically in close proximity, or below, the surrounding cliffs from which they may have detached (El-Maarry et al. 2015b ).
Summary and conclusions
This paper focused on the SFD of boulders ≥7 m located on the southern hemisphere of comet 67P. This area of the comet was in shadow before the beginning of April 2015 and, since May 2016, it has entered darkness again. By using images of the OSIRIS NAC camera on board Rosetta, we were able to derive the power-law index (−3.6 ± 0.2) of the binned cumulative boulder SFD in the size range of 7−35 m. This value is equivalent to the one that we derived in the northern and equatorial regions of 67P with the same size range. We therefore suggest that the equal power-law index may be indicative that sublimation and/or thermal fracturing causing gravitational collapse and consequent regressive erosion is the dominant process in the boulder formation of the southern hemisphere too. Nonetheless, a factor of 3 more boulders present in the southern hemisphere per km 2 , with respect to the northern hemisphere, possibly suggests the fact that the southern, more active hemisphere, is affected by a stronger thermal fracturing and sublimating activity during its brief-butintense summer. We therefore propose that most boulders are formed by regressive erosion when cliffs collapse and recede, in a similar way as has been observed for the northern hemisphere. This process is enhanced in the south by larger thermal stresses and higher level of activity, which are both due to much stronger insolation.
